T he pancreatic acinar cell has the potential to destroy the pancreas and other tissues because of its high protease content, but important protective features have evolved. Digestive enzymes are packaged as inactive proenzymes inside the membrane-bounded zymogen granules (ZGs), and physiological stimulation elicits exocytosis exclusively through the apical (luminal) membrane (1) . The simultaneously occurring fluid secretion carries the proenzymes through the ducts into the gut, where they become activated (2, 3) . Nevertheless, pancreatic autodigestion occurs in the human disease acute pancreatitis, which is often fatal (4) .
The [Ca 2ϩ ] i signals initiating exocytosis (5) occur in the apical granule-containing pole where Ca 2ϩ is released from endoplasmic reticulum (ER) terminals penetrating into this region via specific Ca 2ϩ release channels (6) (7) (8) (9) (10) (11) . This may in turn cause Ca 2ϩ -induced Ca 2ϩ release via similar Ca 2ϩ channels in the ZGs (6, 12) . During stimulus-secretion coupling, changes in Ca 2ϩ concentration may therefore occur in the cytosol, inside the ER and inside the ZGs.
Intracellular trypsin activation is an important and early event in acute pancreatitis, but the exact activation site and mechanism involved are unclear (4) . Because Ca 2ϩ normally couples stimulus to secretion (10) , we have tested the hypothesis that Ca 2ϩ also plays a crucial role in the abnormal trypsin activation that occurs during prolonged hyperstimulation of pancreatic acinar cells, a condition that represents many features of acute pancreatitis (13) (14) (15) (16) . We show that, whereas a physiological cholecystokinin (CCK) concentration (10 pM) does not cause intracellular trypsin activation, continued exposure to 10 nM CCK does have such an effect. This activation depends on a rise in [Ca 2ϩ ] i and can also be induced by selective blockade of the ER Ca 2ϩ pumps with thapsigargin. Ca 2ϩ -mediated trypsin activation occurs selectively in the apical granule-containing region and is associated with extensive vacuole formation in the apical area. We have quantified this process and demonstrated its dependence on an elevated [Ca 2ϩ ] i . We conclude that during CCK hyperstimulation, the apical pole undergoes a dramatic Ca 2ϩ -dependent change characterized by local trypsin activation and replacement of the normal ZGs by vacuoles.
Materials and Methods
Cell Isolation and Solution. Isolated pancreatic acinar cells and small clusters of acinar cells (two or three cells) were obtained from isolated mouse pancreata by treatment with collagenase (Worthington, Lorne Laboratories, Reading, U.K.) as described (8, 17) . The extracellular NaHepes solution contained (in mM): NaCl 140, KCl 4.7, CaCl 2 1.1, MgCl 2 1.13, glucose 10, and Hepes 10, adjusted to pH 7.4 with NaOH (all chemicals from Sigma).
Cytosolic Ca 2؉ Measurements. Cells were loaded with fura-2 by incubation with 1 M fura-2-AM (Sigma) for 35 min at room temperature, followed by washing and incubation for a further 30 min to enable intracellular esterases to deesterify the dye. In relevant preparations, cells were simultaneously loaded with the specific Ca 2ϩ chelator 1,2-bis(O-aminophenoxy)ethane-N,N-NЈ,NЈ-tetraacetic acid (BAPTA) by incubation with 5 M BAPTA-AM (Molecular Probes) for the same length of time. Cells were placed in a perifusion chamber on a Nikon Diaphot inverted microscope (Nikon) and continuously perifused with NaHepes. Fluorescence images were sent via an intensified charge couple device (Photonic Science, Robertsbridge, U.K.) to a dedicated digital image analysis system (TARDIS, Applied Imaging, Gateshead, U.K.) running on MAGICAL computer hardware (Applied Imaging). Interference filters on a rotational filter wheel allowed selection of alternate excitation wavelengths of 340 nm and 380 nm from a Xenon light source. Background subtraction was carried out independently at each of the two wavelengths and ratios (340 nm͞380 nm), which are proportional to [Ca 2ϩ ] i , were calculated for each image. Calibration was done by exposing cells loaded with the dye to 5 mM EGTA or 10 mM Ca 2ϩ in the presence of 20 M ionomycin (Sigma) (18) , by using The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. a dissociation constant for Ca 2ϩ -fura at room temperature of 150 nM.
Measurement of Trypsin Activity. After fura-2 loading, the acinar cells were also loaded with a 60-second pulse of 5 M rhodamine 110, bis-(CBZ-L-isoleucyl-L-prolyl-L-arginine amide) dihydrochloride (BZiPAR) (Molecular Probes) (19) . This is a specific substrate for the serine protease trypsin, which becomes fluorescent after cleavage of the two oligopeptide side chains. Activation may be observed by fluorescence of rhodamine 110 by using an excitation wavelength of 485 nm (19, 20) . In this way it was possible to measure both [Ca 2ϩ ] i and trypsin activity simultaneously. To ensure that tryptic activity observed was from intracellular enzymes only and not from trypsin released into the extracellular fluid, cells for these experiments were prepared in NaHepes containing 5 M soybean trypsin inhibitor (SBTI), and all solutions used also contained SBTI. At this concentration SBTI can inhibit 1,000 units of trypsin per milliliter. The localization of the trypsin activity was investigated by confocal microscopy (Zeiss).
Measurement of Mitochondrial Membrane
Potential. The cells were loaded with tetramethyl rhodamine ethyl ester (TMRE) (100 nM, 1͞2 hour at 37°C) and examined by confocal microscopy (Zeiss). The TMRE fluorescence was expressed as a percentage change compared with control, and values were corrected for bleaching whenever necessary.
Electron Microscopy. After incubation with the relevant stimulus, acini were pelleted by centrifugation at 150 ϫ g for 2 min and fixed by using 4% paraformaldehyde and 2% glutaraldehyde (TAAB Laboratories, Reading, Berkshire, U.K.) in 0.1 M sodium cacodylate buffer (Agar Scientific, Stansted, Essex, U.K.) at pH 7.4 for 24 h. The samples were then immersed in osmium tetroxide (BDH) at room temperature for 2-3 h and then in uranyl acetate for the same period. The cells were dehydrated in serial solutions of ethanol and acetone before being embedded in resin. For examination by electron microscopy, ultrathin (60-to 90-nm) sections were stained with lead citrate (BDH) and mounted on 200 mesh copper grids, whereas for light microscopy, semithin (500-nm) sections were stained with toluidine blue (EMscope Laboratories, Ashford, Kent, U.K.). Electron microscopy was performed on a Hitachi H-600 (Tokyo) transmission electron microscope.
Quantitative Assessment of Vacuolization. The degree of cytoplasmic vacuolization was quantified by using BIOVISION 2.2 and OPENLAB image analysis systems on an Improvision Macintosh computer (Improvision, Warwick, U.K.) attached to a light microscope. Toluidine blue sections were photographed by using a ϫ100 objective lens. From 30 to 50 cells were analyzed in each section, and the results from five separate experiments were pooled to give the final results. Only cells sectioned through both apical and basal poles were assessed, whereas single isolated cells were excluded. The number of vacuoles in each cell and the percentage of the total cell area taken up by abnormal vacuoles were recorded from each section, with all sections blinded to two independent observers. Statistical analysis (Mann-Whitney u test, Kruskal-Wallis Multiple Comparisons) indicated there was no significant difference between the two sets of data obtained by the two independent observers (M.R. and J.W.). This analysis provided a more objective analysis of vacuolization than was practicable by electron microscopy. ] i level remained significantly elevated above baseline by 31 Ϯ 3 nM (P Ͻ 0.0001, paired t test) ( Fig. 1 ). Only 2 of 38 cells studied failed to demonstrate this prolonged plateau phase, which could be maintained for at least 60 min. In the absence of CCK stimulation, [Ca 2ϩ ] i remained stable at the resting level for as long as the cells were monitored ( Fig. 2A ). CCK at a physiological concentration (10 pM) evoked repetitive Ca 2ϩ transients (Fig. 2B) .
Results

Cholecystokinin-Elicited Intracellular Trypsin Activation and Its
By using the fluorescent probes BZiPAR and fura-2 together, trypsin activity and [Ca 2ϩ ] i were measured simultaneously. In 38 of 43 cells studied, the [Ca 2ϩ ] i rise induced by the very high CCK concentration (10 nM) was followed by trypsin activation, after a delay of approximately 300 seconds (Fig. 2C ). When the membrane-permeable trypsin inhibitor benzamidine was added, the fluorescence intensity decreased, most likely because of loss of trypsin activity and rapid washout of rhodamine 110. Nonstimulated control cells showed no change in [Ca 2ϩ ] i and no evidence of trypsin activation (Fig. 2 A) . Furthermore, the regular [Ca 2ϩ ] i oscillations evoked by the physiological CCK concentration (10 pM) were not associated with any trypsin activation (Fig. 2B ). Of the 31 cells studied, only 3 showed a slight increase in trypsin activity after 10 pM CCK.
Preloading the acinar cells with the Ca 2ϩ chelator BAPTA reduced the baseline [Ca 2ϩ ] i to 52 Ϯ 4 nM and significantly attenuated the peak [Ca 2ϩ ] i to 268 Ϯ 28 nM after CCK hyperstimulation (10 nM) (n ϭ 57, P Ͻ 0.001, student's t test, compared with CCK hyperstimulated control cells, not loaded with BAPTA). BAPTA preloading also abolished the continued plateau elevation of [Ca 2ϩ ] i normally seen after 10 nM CCK. In the BAPTA-loaded cells, CCK (10 nM) did not evoke any trypsin activation in the 24 cells studied (Fig. 2D) .
The ER Ca 2ϩ -ATPase inhibitor thapsigargin induced an elevation of [Ca 2ϩ ] i similar to that observed in response to 10 nM CCK with a peak [Ca 2ϩ ] i of 384 Ϯ 18 nM (n ϭ 107) and an even more pronounced plateau phase with an elevation above baseline of 45 Ϯ 7 nM at 60 min. In 12 of 12 cells, thapsigargin evoked trypsin activation similar to that seen in response to 10 nM CCK (Fig. 2E) . Preloading the acinar cells with BAPTA attenuated the peak [Ca 2ϩ ] i after thapsigargin to 187 Ϯ 9 nM (n ϭ 44, P Ͻ 0.001, compared with thapsigargin in normal cells). BAPTA preloading reduced the continued plateau elevation after thapsigargin to 19 Ϯ 3 nM (n ϭ 28) above baseline. In the BAPTAloaded cells, thapsigargin (2 M) did not evoke any trypsin activation (Fig. 2F) .
Cells suspended in Ca 2ϩ -free medium were also studied. These maintained their baseline [Ca 2ϩ ] i at 105 Ϯ 5 nM, and the peak elevation after CCK hyperstimulation (10 nM) was only slightly suppressed at 422 Ϯ 46 nM (n ϭ 48), but there was no prolonged plateau elevation (Fig. 2G ). In the Ca 2ϩ -free medium, 10 nM CCK did not generate any detectable enzyme activation (Fig. 2G) in any of the 48 cells studied.
Localization of Trypsin Activation. To establish the intracellular location(s) of the CCK-elicited trypsin activation, we used confocal microscopy of living acinar cells loaded with BZiPAR to detect the intracellular distribution of the activated rhodamine 110 fluorescence. The transmitted light picture in Fig. 3A shows the usual polarized structure of a pancreatic acinar cell, with the densely packed ZGs to the right and the relatively clear basal area to the left. Before the CCK application, there is no detectable fluorescence (Fig. 3B ), but the image taken at the peak of the response to 10 nM CCK (15 min) (Fig. 3C) shows clearly fluorescence coming exclusively from the granular region (n ϭ 22). for 60 min did not cause any major change in the cellular ultrastructure, but 60 min incubation with 10 nM CCK led to the formation of abnormal vacuoles within the cytoplasm and a marked reduction in the density of normal ZGs. The pale vacuoles were located in the apical (granular) part of the cells (Fig. 4B) . In cells preloaded with the Ca 2ϩ chelator BAPTA, there was no significant increase in the degree of vacuolization after 60 min of CCK (10 nM) stimulation (Fig. 4C) .
To quantify the extent of vacuole formation, toluidine bluestained sections were viewed in the light microscope and assessed with an image analysis system. In contrast, after incubation for 60 min with 10 nM CCK, there were 8.6 Ϯ 0.9 vacuoles per cell, occupying 3.1 Ϯ 0.5% of the cellular cross-sectional area (n ϭ 86, P Ͻ 0.01).
In cells preloaded with the Ca 2ϩ chelator BAPTA, there was no significant increase in the degree of vacuolization after 60 min of CCK (10 nM) stimulation (Fig. 5C ) (4.0 Ϯ 0.6 vacuoles per cell, 1.2 Ϯ 0.3%, n ϭ 60, P Ͼ 0.05, compared with controls). There was also no significant difference between control cells loaded with BAPTA (4.5 Ϯ 0.6 vacuoles per cell, 1.4 Ϯ 0.2%, n ϭ 116) and those loaded with fura-2 alone (P Ͼ 0.05).
Exposure to 2 M thapsigargin for 60 min also led to the formation of abnormal vacuoles within the cytoplasm (13.8 Ϯ 0.7 vacuoles per cell, or 5.6 Ϯ 0.4% cell area, n ϭ 157). These had a similar distribution and appearance to the vacuoles described in response to secretagogue hyperstimulation. In cells preloaded with BAPTA, the degree of vacuolization in response to thapsigargin stimulation was greatly reduced with 7.4 Ϯ 0.7 vacuoles per cell, or 2.0 Ϯ 0.2% of cell area (n ϭ 153, P Ͻ 0.01).
There was no significant increase in vacuolization in control cells incubated in Ca 2ϩ -free medium compared with those in standard medium containing 1 mM Ca 2ϩ (4.6 Ϯ 0.7 vacuoles per cell and 1.2 Ϯ 0.2% cell area, n ϭ 57). In the absence of external Ca 2ϩ , 10 nM CCK did not induce any significant additional vacuolization (6.7 Ϯ 0.6 vacuoles per cell and 2.3 Ϯ 0.3%, n ϭ 141, P Ͼ 0.05), and the extent of vacuolization was significantly less than in cells stimulated with 10 nM CCK in Ca 
The Effect of CCK Hyperstimulation on the Potential Across the Inner
Mitochondrial Membrane. We tested whether prolonged CCK hyperstimulation was associated with a change in mitochondrial function. As a sensitive function test, we monitored possible changes in the electrical potential across the inner mitochondrial membrane, with the potential-sensitive f luorescent probe TMRE. Fig. 7 shows a typical experiment on two connected cells. The transmitted light picture (Fig. 7A) shows the usual configuration with the granules concentrated in the apical poles. As previously documented (21) , the fluorescence from the active mitochondria was concentrated in a ring surrounding the granular pole (Fig. 7B) , and this remained the case even after a prolonged period of stimulation with 10 nM CCK (Fig. 7C) . The fluorescence intensity from the mitochondrial belt remained stable throughout the period of stimulation, first with a physiological and later with a pharmacological CCK concentration, but after application of the protonophore carbonylcyanide ptrifluoro-methoxyphenylhydrazone (FCCP) (5 M), the mitochondrial membrane potential collapsed, and the TMRE fluorescence was dispersed (Fig. 7D) . In the 12 cells investigated, 5 pM CCK reduced the fluorescence intensity only by 1.3 Ϯ 0.6%, and further stimulation with 10 nM CCK reduced the fluorescence intensity by 3.9 Ϯ 0.7%. In 10 of these cells, subsequent addition of 5 M FCCP caused a dramatic decrease in fluorescence, which was reduced by 84.2 Ϯ 8.6%. We therefore conclude that even prolonged hyperstimulation with CCK does not lead to any major mitochondrial depolarization.
Discussion
Prolonged CCK hyperstimulation of pancreatic acinar cells causes Ca 2ϩ -dependent trypsin activation in the apical granular area (Figs. 2 and 3 ) and also evokes Ca 2ϩ -dependent changes in the acinar cell morphology, so that the electron-dense ZGs to a large extent are replaced by vacuoles (Figs. 4 and 5) . It would appear that trypsin activation and vacuolization are caused ] i signals. We have previously shown that even when [Ca 2ϩ ] i is clamped at the resting level by dialyzing the cell interior with a solution containing 10 mM BAPTA, the agonist-elicited Ca 2ϩ release from the ER is not inhibited but is actually enhanced (22) . Vacuole formation might be a consequence of ATP depletion, which could in principle be caused by depolarization of the inner mitochondrial membrane, but prolonged CCK hyperstimulation did not result in any marked depolarization, which could, however, readily be observed by application of a protonophore (Fig. 7) .
The substantial repetitive [Ca 2ϩ ] i spikes elicited by 10 pM CCK consistently failed to activate trypsin (Fig. 2B) , whereas the relatively small but sustained [Ca 2ϩ ] i elevation induced by 10 nM CCK caused marked trypsin activation (Fig. 2C) demonstrating the importance of using oscillatory Ca 2ϩ signals to prevent a toxic Ca 2ϩ overload. The very different response patterns to low (pM) and high (nM) CCK concentrations would seem to indicate the involvement of two different receptor types. Two types of CCK receptors are indeed known. The type A receptor mediates the Ca 2ϩ signal, which activates enzyme secretion and has a much higher affinity for CCK than gastrin. The function of the type B receptor, which is also referred to as the gastrin receptor, as it has equal affinity for CCK and gastrin, is less clear (23) . However, mouse pancreatic acinar cells express only type A and not type B receptors (24) . Type A receptors can exist in high-or low-affinity states (23) . The responses to a physiological CCK concentration (10 pM) are mediated by high-affinity state receptors, whereas the responses to hyperstimulation (10 nM CCK) must be mediated by low-affinity state receptors (23) . High unphysiological CCK concentrations can activate phospholipase C and thereby generate the Ca 2ϩ releasing messenger inositol 1,4,5-trisphosphate (IP 3 ) (25) , but the Ca 2ϩ mobilizing action of a physiological CCK level is triggered via intracellular receptors for nicotinic acid adenine dinucleotide phosphate and cyclic ADP-ribose, subsequently recruiting active IP 3 receptors (26) . The actions of the low (pM) and high (nM) CCK concentrations are therefore most likely triggered via different intracellular pathways (26) .
Although there are similarities in the changes in acinar cell function and morphology observed in acute pancreatitis and after CCK hyperstimulation, we are not suggesting that CCK hyperstimulation is the cause of acute pancreatitis. We have simply used CCK hyperstimulated acinar cells as a model for studying abnormal changes that resemble those seen in this disease.
How could hyperstimulation affect the ZGs? These organelles have a very high total calcium concentration (Ϸ15 mM), but the free intragranular Ca 2ϩ concentration is only about 50 M (12). This is lower than the free Ca 2ϩ concentration inside the ER (Ϸ100-300 M) (22) but much higher than [Ca 2ϩ ] i (Ϸ50-100 nM). Inositol 1,4,5-trisphosphate can release Ca 2ϩ from isolated ZGs (12), chromaffin granules (27, 28) , and goblet-cell mucin granules (29) . Reuptake of Ca 2ϩ into the granules is driven by a vacuolar-type H ϩ -ATPase, and the ER is the source of the Ca 2ϩ needed for refilling (30) . If the ER were empty because of excessive agonist stimulation or blockade of the ER Ca 2ϩ ATPase, refilling of the granular Ca 2ϩ store would not occur (30) . Ca 2ϩ is important for the stability of the granules (31, 32) , and Ca 2ϩ ionophore-induced loss of Ca 2ϩ from ZGs causes granule lysis (31) . The vast amount of Ca 2ϩ normally bound inside the granules (12) therefore plays an important role in making the proteins combine to osmotically and chemically inactive aggregates (33) . CCK hyperstimulation liberates Ca 2ϩ from granules in intact acinar cells (34) , and this could increase [Ca 2ϩ ] i close to the cytosolic face of the granule membrane, potentially opening Ca 2ϩ -activated K ϩ channels (29) . There is a K ϩ conductance pathway in the ZG membrane (35) that is regulated by a high-affinity dihydropyridine-binding protein (36) . X-ray microanalysis of both frozen hydrated and dehydrated sections of pancreas shows that a relatively high concentration of CCK (1 nM) evokes a marked reduction in the Ca 2ϩ concentration and a marked increase in the K ϩ concentration inside the ZGs (34) . Ca 2ϩ release is therefore associated with K ϩ uptake into the granule interior. This may result in Ca 2ϩ ͞K ϩ ion exchange in the granular matrix causing disaggregation (29) , because K ϩ inhibits protein condensation and the binding of aggregates to membranes (37) .
Our findings may be relevant to the pathophysiology of acute pancreatitis, a disease in which the pancreas digests itself because of intracellular protease activation (4). Vacuole formation occurs in the early stages of both experimental and clinical acute pancreatitis (38) . Trypsinogen activation is one of the earliest manifestations of clinical acute pancreatitis (39) , and its importance for the pathogenesis of the human disease has been confirmed by the identification of mutations responsible for hereditary pancreatitis, which lie within the genes coding for cationic trypsinogen (PRSS1). These mutations (R122H and N21I) prevent the degradation of active trypsin, thus circum- venting one of the intracellular mechanisms preventing premature enzyme activation (40, 41) .
We have previously proposed that an abnormally elevated [Ca 2ϩ ] i might be a trigger for acute pancreatitis (42) . The present work provides direct evidence for a role of Ca 2ϩ in mediating intracellular trypsin activation, which is recognized as a crucial step in the pathophysiology of acute pancreatitis (4). Ceruleininduced pancreatitis is associated with a progressive disruption of acinar cell Ca 2ϩ signaling and specifically the ability to initiate Ca 2ϩ signals in the apical granular pole (43) . The data presented here show that hyperstimulation results in a profound change in the structure of the apical pole, because the normal ZGs are largely replaced by vacuoles.
Our new results highlight the importance of continuing Ca 2ϩ influx from the external solution for CCK-induced trypsin activation. In the absence of external Ca 2ϩ , there was no measurable trypsin activation, although the initial CCK-elicited [Ca 2ϩ ] i transient was well preserved (Fig. 2G) 
